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Introduction

32
The widespread occurrence of thousands of trace organic chemicals (TrOCs) of both natural 33 and industrial origins in wastewater impacted water bodies is an important environmental 34 issue of our time [1] . Some of these chemicals pose toxicological threats to wildlife as well as 35 potential adverse human health effects. These TrOCs are present in reclaimed water at 36 concentrations in the range from less than one part-per-trillion (ng/L) to a few part-per-billion 37 (µg/L). Thus, they can only be detectable by some of the most advanced analytical techniques. 38
The difficulties associated with their analysis and accurately evaluating their impact on 39 human health present a major scientific challenge in addressing water quality problems 40 caused by these TrOCs. One notable example is the uncertainty related to the removal of 41 these chemicals by advanced water treatment processes, which could severely hinder the 42 development of potable water reuse projects. 43
Concerns over possible adverse health impacts due to chronic and acute exposure to TrOCs 44 via potable water recycling trigger the need to monitor their concentrations in the product 45 water or to ascertain their removal efficiency. Routine monitoring is essential when there is a 46 sufficient probability that certain TrOCs may occur in the product water at the threshold 47 concentration which may result in adverse health impact. On the other hand, TrOCs (e.g. 48 obsolete herbicides, industrial chemicals, and therapeutic drugs used in large quantity in the 49 hospital) often do not occur in municipal wastewater or only occur at below the detection 50 limits of most advanced analytical techniques. Thus their fates during water reclamation are 51 largely unknown. To minimise the risk of accidental release of these TrOCs into the recycled 52 water, a multiple barrier approach including the source water control and advanced water 53 treatment processes has been employed in many indirect potable water reuse schemes [2] . 54
The low pressure reverse osmosis (LPRO) filtration process is an important treatment 55 component of many recent potable water recycling schemes. LPRO membranes are expected 56 to effectively remove a range of TrOCs. However, to date, only a small fraction of TrOCs has 57 been evaluated for their rejection by LPRO membranes [3] [4] [5] [6] [7] . Recent research in this area has 58 resulted in a qualitative framework for assessing the removal of TrOCs by LPRO membranes. 59
As a notable example, Bellona et al., (2004) [8] developed a rejection diagram to predict the 60 rejection of TrOCs of known physiochemical properties. Bellona's rejection diagram is based 61 (Toronto, Ontario, Canada) . Dichloroprop-D6 and pirimiphos-ethyl-D10 were purchased 119 from Dr Ehrenstorfer GmbH (Augsburg, Germany). All chemicals were of 98.5% purity or 120 higher. All isotope labelled standards were of at least 98% atom abundance. A stock solution 121 containing all selected TrOCs for rejection validation (Table 1 ) was prepared at 50-200 mg/L 122 in methanol. A stock containing the isotope labelled versions of the target compounds was 123 also prepared at 1 mg/L in methanol and used as the surrogate standard. A stock containing 124 carbamazepine-D10 was prepared at 1 mg/L in methanol and used as the internal standard 125 from compounds that did not have isotope labelled homologues. Unless otherwise stated, 126 water used for method validation samples was taken from a Milli-Q water purification system 127 (Millipore Kilsyth, Victoria, Australia). 128
[ Table 1 ] 129
RO feed
130
RO feed was collected from a full-scale water recycling plant in Australia. The treatment 131 plant train prior to sampling point comprises primary treatment, bioreactor, sand filtration, 132 and microfiltration. Conductivity and pH of the RO feed were 820 µS/cm and 7.7, 133 respectively. 134
Pilot-scale RO filtration system and RO elements
135
A pilot-scale cross-flow RO filtration system was used. The system comprised three 4-inch 136 fibreglass pressure vessels, a high pressure pump Grundfos, Bjerringbro, 137 Denmark) and 300 L polyethylene feed reservoir (Figure 1 ). The feed stream of the three 138 pressure vessels was connected in series. One 4 inch × 40 inch LPRO membrane element was 139 held in each pressure vessel. Stainless steel pipes and PVC pipes were used in the feed and 140 permeate stream, respectively. The concentrate flow was monitored at the exit of the third 141 vessel and the permeate flow was monitored at the exit of each pressure vessel. These flows 142 were controlled by adjusting the opening of a glove valve and the power output of the pump 143 using a variable frequency drive. 
Filtration protocols
156
Prior to the first filtration experiment, the analyte stock solution of the selected TrOCs was 157 dosed into 100 L RO feed water at a ratio of 10 mL-stock/100L-water to obtain 158 approximately 5-20 µg/L of each TrOC. The membrane system was then operated at 159 approximately 300 kPa for at least 12 hours before the first samples were taken for analysis. 160
The standard system operating condition used in this investigation was system permeate flux valve installed in the exit of the feed stream (Figure 1 ) was fully opened in order to minimise 175 permeation through LPRO membranes, and feed flow was maintained at 24 L/min. Following 176 the chemical cleaning, the membrane system was operated using the RO feed water at 177 approximately 300 kPa for at least 12 hours. Then, feed and permeate samples were collected 178 under the standard system operating condition (i.e. system permeate flux 20 L/m 2 h and feed 179 temperature 20 °C). The rejection of chemicals was calculated using the following equation. 180
where C p and C f are permeate and feed concentrations, respectively. 182 Relative retention times of the analyte and isotopically labelled surrogate standard were also 211 monitored to ensure correct identification. 212
Analytical techniques
The use of isotope labelled versions of target compounds enabled quantification by isotope 213 dilution which enables losses due to incomplete extraction to be accounted for. An isotopic 214 version of each of the organic chemicals investigated here was used as their internal standard 215 to account for any losses during SPE as well as changes in the final volume. Isotopically 216 labelled versions were not available for metsulfuron-methyl, molinate, and trichlorfon. Thus, 217 carbamazepine D10 was used as the internal standard for these chemicals to account for any 218 changes in the final volume. 219
Both ESI and APCI in positive and negative modes were investigated for all standards to 220 establish the best ionization configuration. To determine suitable precursor ions a solution of 221 each standard was directly infused into the ion source and scanned using quadrupole 1 (Q1) 222 from m/z 50 -450. The most intense ion observed was used to determine optimal source 223 parameters such as declustering potential, collision energy and collision cell exit potential for 224 each of up to 8 product ions detected in quadrupole 2 (Q2). Precursor-product ion transitions 225 were incorporated into ESI positive, ESI negative or APCI positive methods and run using 226 the chromatographic conditions stated above. For each analyte and surrogate standard the two 227 most intense transitions were used in the final methods. 228
The instrument was calibrated at the beginning of each analytical run. Using working stocks, 229 method calibration standards were prepared at 0.5, 1, 5, 10, 50, 100, 500 and 1000 ng/mL in 230 methanol. For each calibration standard, 100 ng and 50 ng of surrogate and internal standard 231 respectively were added so that a relative response versus relative concentration curve can be 232 generated. At least six calibration points were used for each target compound. Recoveries of 233 target compounds from both Milli-Q grade and RO feed water were determined by spiking 234 and extracting samples at 10, 100 and 1000 ng/L. Due to presence of some compounds in RO 235 feed water, recoveries were determined only at 100 ng/L for this matrix. 236
General water quality analysis 237
During RO filtration experiments, pH, electrical conductivity and temperature of solutions 238 was measured using Orion 4-Star Plus pH/conductivity meter (Thermo Fisher Scientific, 239
Waltham, MA, USA). 240 
Results and discussion
Analytical technique development and validation
242
Recoveries of the other TrOCs from Milli-Q water and RO feed are summarised in 243
Supplementary Material Table S3 . All target TrOCs were recovered within satisfactory 244 tolerances with the exception of molinate and trichlofon which were poorly recovered. To 245 mitigate this low recovery, higher feed concentrations for these two compounds were used for 246 the RO filtration work. On the other hand, di-n-butyl phthalate recoveries were significantly 247 affected by background contamination, thus its reporting levels were adjusted in this 248 investigation accordingly. It is noteworthy that for quantification purpose any variations in 249 recovery of the target analysts were corrected using the isotopic standards to remove any 250 interference from the variation in recovery. 251
The calibrations and reporting detection limits of the tested TrOCs are summarised in 252
Supplementary Material Table S4 . The instrument detection limit (IDL) was determined as 253 the lowest concentration of a standard that affords a signal to noise ratio (s/n) of 3 or greater. 254
The method detection limit (MDL) was the concentration of a target compound in sample that 255 has been processed through the entire method giving a s/n greater or equal to 3. Reporting 256 limits were determined as being the greatest value of either the 2 nd lowest calibration point or 257 3 times the MDL. Reporting limits were also dependant on any background contamination 258 present in analysed samples. Reporting limits in the RO feed were up to five times higher 259 than those in Milli-Q water (Supplementary Material Table S4 ). Details of the optimization 260 are summarized in Supplementary Material Table S5 and S6. The molecular structures of all 261 precursor ions and proposed structures of the monitored product ions are summarized in 262
Supplementary Material Table S7 . 263
Of the 10 TrOCs, dichloroprop, bisoprolol, varazolol, and molinate were detected in the RO 264 feed solution collected at a full-scale plant at slightly above their reporting detection limits of 265 5, 20, 7, and 11 ng/L, respectively. The concentrations of other TrOCs were below the 266 detection limits reported in Supplementary Material Table S4 . For validation purpose, if the 267 target TrOC was not detectable in the RO permeate, the reporting detection limit was used to 268 calculate a minimum rejection value. 269 The target validation rejection of 90% of neutral TrOCs could be readily achieved by all three 272 LPRO membranes (Table 3 ). The neutral TrOCs selected here have the molecular weight of 273 over 180 g/mol whereas the molecular weight cut-off of LPRO membranes is reported to be 274 about 100 g/mol [15] . In fact, Fujioka et al. [16] evaluated the rejection of neutral compounds 275 (i.e. N-nitrosamines) using a laboratory-scale setup and reported that neutral compounds with 276 the molecular weight of over 114 g/mol exhibited greater than 90% rejection by five different 277 LPRO membranes that are often used for water recycling applications. 278
Validation during RO filtration
The target validation rejection of 99% of charged chemicals were also achieved using all 279 three LPRO membranes with only two exceptions. Rejections of bisoprolol and carazolol by 280 the TFC-HR membrane were 97.7% and 97.2%, respectively (Table 3) was achieved with all negatively charged TrOCs (i.e. dichloroprop, metsulfuron-methyl and 288 penicillin V) examined here. The active skin layer of typical LPRO membranes is negatively 289 changed [18, 19] . In fact, two of the LPRO membranes used in this study (ESPA2 and TFC-290 HR) have a negative charge (-11 and -23 mV, respectively) at the test solution pH (i.e. pH 291 7.7) [20] . Thus, high rejection of negatively charged TrOCs can be obtained due to 292 electrostatic repulsion between these solutes and the membrane surface. 293
Penicillin V was successfully incorporated in the analytical method described earlier. 294
However, it was detectable in the RO permeate of the TMG membrane only (Table 3) . Thus, 295 the validation of Penicillin V rejection was omitted from subsequent experiments. Significant 296 decrease in pirimiphos-ethyl concentration in the RO feed was observed. Concentration of 297 this TrOC in the feed decreased from 10,000 ng/L to 80-140 ng/L after 12 hours of filtration. 298
Pirimiphos-ethyl has the highest hydrophobicity among TrOCs selected here (Log D = 5.1). 299
Thus, its adsorption onto membrane surface due to hydrophobic interaction can possibly be 300 attributed to the decreasing pirimiphos-ethyl concentration in the feed [21, 22] . It is 301 noteworthy that pirimiphos-ethyl rejection calculation was conservative and was based on its 302 measured concentrations in the feed and permeate. Nevertheless, the calculated rejection (94-303 96%) was still above the target validation value of 90%. 304
The validation was further examined using the rejections of eight other TrOCs (i.e. N-305 nitrosamines) that were evaluated by RO membranes (i.e. ESPA2 and TFC-HR) using the 306 same pilot-scale system [9, 23] . N-nitrosamines are uncharged and generally hydrophilic at 307 the environment pH (e.g. pH 6-8). The target validation rejection of each N-nitrosamine was 308 achieved under the standard operating conditions (Table 4) . The results reported here support 309 that the rejection targets determined based on the qualitative prediction framework can be 310 applicable to estimate the rejection of a variety of TrOCs. 311
[ Table 3 ] 312 [Table 4 ] 313
There was an apparent variation in the rejection of TrOCs among the three tested RO 314 membranes (i.e. ESPA2, TFC-HR and TMG). Although the relationship between membrane 315 permeability and conductivity rejection could be clearly observed, this relationship is not 316 readily transferable to the rejection of TrOCs (Figure 2) . Nevertheless, it is apparent that the 317 ESPA2 which has the lowest water permeability amongst the three membranes examined 318 here exhibits high and less scattered TrOC rejection. On the other hand, rejections of the nine 319
TrOCs to be validated in this study by the TMG and TFC-HR membranes scattered quite 320 widely. In the pore-flow model, membrane permeability increases and solute rejection 321 decreases with increasing the free-volume hole-size of RO membrane active skin layer [24] . 322
In addition to free-volume hole-size, the porosity of the active skin layer has been suggested 323 as an important factor determining the membrane's separation performance [25] . 324
Nevertheless, the porosity of the active skin layer cannot be accurately quantified by any 325 analytical techniques available to date. 326 
Conclusions
377
A protocol to validate the rejection of TrOCs was developed for decision making support 378 regarding the monitoring level required for potable water reuse. Analytical method was 379 successfully developed for quantifying the concentration of 10 TrOCs initially selected in this 380 study. The results show that LPRO membranes can achieve more than 90% of all neutral 381
TrOCs selected which ensures that the rejection diagram previously developed based on their 382 physicochemical properties is valid. However, the validation target of 99% of two charged 383 TrOCs (i.e. bisoprolol and carazolol) could not be achieved with the TFC-HR membrane. 384
This may be because bisoprolol and carazolol are both positively charged and the TFC-HR 385 has the highest water permeability amongst all three LPRO membranes investigated here. 386
The results also demonstrate that LPRO membrane with low water permeability is more 387 likely to satisfy the validation target. Operating conditions including permeate flux, feed 388 temperature and chemical cleaning can exert a considerable impact on conductivity rejection 389 by the three LPRO membranes investigated here. However, only feed temperature showed an 390 apparent impact on the rejection of TrOCs. The decreased rejection of TrOCs with increasing 391 temperature may be due to the increased diffusivity through the membranes. Indeed, the 392 rejection of positively charged TrOCs is more likely to fall below their target rejection 393 validation value during the summer when the feed temperature is high. 394 Table S2.  494 n.a.: not available. 495 
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